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ABSTRACT
Recent developments in space technology like micro-propulsion systems for drag-free control, thermal shielding,
ultra-stable laser sources and stable optical cavities set an ideal platform for quantum optomechanical exper-
iments with optically trapped dielectric spheres. Here, we will provide an overview of the results of recent
studies aiming at the realization of the space mission MAQRO to test the foundations of quantum physics in
a parameter regime orders of magnitude beyond existing experiments. In particular, we will discuss DECIDE,
which is an experiment to prepare and then study a Schro¨dinger-cat-type state, where a dielectric nanosphere
of around 100 nm radius is prepared in a superposition of being in two clearly distinct positions at the same
time. This superposition leads to double-slit-type interference, and the visibility of the interference pattern will
be compared to the predictions of quantum theory. This approach allows for testing for possible deviations
from quantum theory as our test objects approach macroscopic dimensions. With DECIDE, it will be possible to
distinctly test several prominent theoretical models that predict such deviations, for example: the Dio´si-Pensrose
model, the continuous-spontaneous-localization model of Ghirardi, Rimini, Weber and Pearle, and the model of
Ka´rolyha´zy.
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1. INTRODUCTION
The superposition of distinct states is one of the most fundamental concepts of quantum physics. While super-
position is well known in the context of (electromagnetic) waves, it is challenging for our understanding in the
context of matter waves and, even more so, in the context of superpositions of macroscopically distinct states.1
That quantum physics allows for an object to simultaneously be in clearly distinct states has been the topic of
heated discussions since the early days of quantum physics. Examples are the discussions between Einstein and
Bohr2 regarding the double-slit experiment as well as discussions between Einstein and Schro¨dinger3 regarding
macroscopic superpositions like Schro¨dinger’s cat.4
By now, the concept of quantum superposition has been confirmed in a series of experiments for increasingly
massive objects: for electrons,5,6 neutrons,7 atoms,8 and increasingly massive molecules (see, e.g., Refs.9–13). The
question remains whether such superpositions can be realized for arbitrarily large and massive objects. Quantum
mechanics does not place a principal limitation on macroscopic superpositions. As Schro¨dinger pointed out in
his famous gedankenexperiment of Schro¨dinger’s cat,4 if one isolates a macroscopic system well enough from its
environment, it should, in principle, be possible to realize superpositions of macroscopically clearly distinct states
like a cat being dead or alive. Schro¨dinger described the notion of such superpositions as “burlesk”4 (“ridicu-
lous” in the English translation by J. D. Trimmer14). Over the last fifty years, physicists investigated possible
modifications of quantum theory that would lead to a rapid “collapse” of such macroscopic superpositions. Ex-
amples are the model of Ka´rolyha´zy,15,16 the models of Dio´si17,18 and Penrose,19 the quantum-gravity model
of Ellis and co-workers20 as well as the continuous-spontaneous-localization (CSL) model.21–26 Such models are
commonly known as macrorealistic models or macrorealistic extensions of quantum theory because they predict
a “realistic” or “classical” behavior of macroscopic objects.
Lab-based matter-wave experiments with increasingly massive objects promise to soon allow for testing certain
parameter ranges of the CSL model.27–29 For more ambitious tests of quantum theory over a wider parameter
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range and/or for decisive tests of the CSL model as well as tests of the models of Ka´rolyha´zy, Dio´si, Penrose
or Ellis et al., a laboratory environment is no longer sufficient. In particular, matter-wave interference with
increasingly massive objects requires long free-fall times and an exceedingly good micro-gravity environment.
For particles with masses on the order of 109 amu, we expect free-fall times on the order of 100 s, which is
essentially impossible for ground-based experiments.30
So far, the best option for matter-wave interference with massive objects is Talbot-Lau interferometry. Inter-
ferometers of this type have been developed and steadily improved by the Arndt group in Vienna.9,11,13,31,32 In
particular, very recently, the Arndt and Hornberger groups presented a new interferometric technique (OTIMA)
allowing for matter-wave interferometry with even larger particles33 than has been possible so far.
While all these experiments were done using ensembles of many particles, recently, it has been proposed
to combine the tools of quantum optomechanics and optical trapping in order to cool massive single dielectric
particles into the quantum regime.34–37 Building on these proposals, it has now become feasible to perform
matter-wave experiments with massive single particles. This approach promises to allow for performing deci-
sive tests of macrorealistic models on Earth28,29 as well as in space.30 The latter is the goal of the potential
future space mission MAQRO (macroscopic quantum resonators) and, in particular, of the scientific instrument
DECIDE (decoherence in a double-slit experiment) that is to be carried aboard that mission.
2. MAQRO AND DECIDE
Here, we concentrate on recent results in the development of concepts and technology for MAQRO.30 The mission
proposal originally comprised two independent experiments: DECIDE and CASE (comparative acceleration
sensor). We will concentrate on DECIDE, which implements a double-slit experiment with dielectric nanospheres
with a radius up to 120 nm.
A typical experimental run of DECIDE consists of the following steps:
1. load a dielectric particle into an optical trap
2. cool the particle’s center-of-mass (COM) motion close to the quantum ground state
3. release the particle from the trap (switch off the trapping and cooling fields)
4. let the wavefunction of the particle expand for a time t1
5. switch on a non-linear interaction to prepare the particle in a non-classical Schro¨dinger-cat-like state where
the particle is in a superposition of being in two positions (±∆x/2) at the same time.
6. switch off the interaction and let the wavefunction expand for a time t2  t1 sufficient for the two parts of
the wavefunction to overlap and interfere
7. switch on the optical field again and measure the position of the particle along the cavity axis via a
combination of scattered-light imaging and cavity read out.
The points 2-7 are to be repeated many times in order to acquire enough data points for resolving the interference
pattern and determining its visibility. Of course, this requires the dielectric particle to be reusable many times.
In other words, the particle should neither get lost during the experiment, nor should it get charged by cosmic
or secondary radiation. In a recent ESA study,38 we could show that the likelihood for radiation to charge a
sub-micron particle is negligible in the case of DECIDE.
In the same study, we investigated in detail the scientific and technical requirements for DECIDE. The
scientific requirements are largely determined by the necessary coherence time t1 + t2 and the main decoherence
mechanisms limiting the interference visibility according to the predictions of quantum physics:
• scattering of black-body radiation
• absorption of black-body radiation
• emission of black-body radiation
• scattering of gas molecules
Figure 1. Orbits we considered for MAQRO.30 The experiment DECIDE should ideally be performed far from Earth
in order to achieve good vacuum levels and low temperatures via passive cooling and direct outgassing into space. In
addition, DECIDE requires an excellent microgravity environment. Ideal orbits are, therefore, a Lissajous orbit around
L1 or a highly-elliptical orbit, where the experiment could be performed close to the apogee of the orbit. (Graphics by
EADS Astrium, based on an image by ESA for the LISA Pathfinder mission)
The decoherence rates resulting from the first two effects are determined by the environment temperature T while
the third effect depends on the internal temperature of the sub-micron sphere, Ti. In order for quantum physics
to still predict a non-zero interference visibility larger than the visibility allowed for by competing macrorealistic
models, one can derive the technical requirements T . 16 K and Ti . 20 K.
It should be noted that these requirements have changed since the original proposal30 - mainly because the
requirements were investigated in more detail in an ESA study concluded in 2012.38 In particular, we found that
the expansion time t2 has to be much longer than t1. This has strong consequences for the technical requirements
because the various decoherence rates have to be kept even lower than originally expected in order to allow for
sufficiently long coherence times t1 + t2 on the order of hundreds of seconds.
Typically, we calculate the influence of decoherence mechanisms in the long-wavelength limit. This limit
is applicable for decoherence due to black-body radiation at the low temperatures considered here. It is not
applicable for the scattering of (heavy) gas molecules. In order to avoid unnecessary mathematical complications,
we set the technical requirement of the gas pressure to 10−13 Pa because at such low pressures, the probability
for a gas molecule to be scattered off our sub-micron sphere during an experimental run becomes negligible. We
expect that a more detailed analysis of decoherence due to gas scattering will result in a more relaxed technical
requirement for the gas pressure. However, preliminary estimations of our partners from EADS Astrium show
that, for an environment temperature around 16 K and direct outgassing into space, gas pressures of 10−13 Pa
or lower will be achievable using the thermal-shield design of MAQRO. Of course, this requires the spacecraft to
be far from Earth’s atmosphere, e.g., at the Lagrange point L1 of the Sun-Earth system or at the Apogee of a
highly-elliptical orbit (see figure 1).
3. PROGRESS TOWARDS THE REALIZATION OF DECIDE
While the technical requirements for DECIDE are challenging, there has been significant progress towards achiev-
ing these requirements and towards increasing the technological readiness level (TRL) of essential technologies
that will be required for a future implementation of DECIDE. At the same time, the technologies we are de-
veloping for DECIDE, will benefit a wide range of future matter-wave experiments, e.g., for highly sensitive
interferometers for Earth observation, gravity-wave detection or for tests of General Relativity.
Figure 2. Design concept for the original design of the thermal shield for MAQRO.30 Three shields with increasing
opening angles, thermally insulate the optical bench from the hot spacecraft. Thick rods support the structure during
launch and can be separated with pyronuts at commission. After commission, the shield assembly is supported by thinner
rods to minimize thermal conduction.
The main technological challenges for DECIDE have been:
• the thermal shield (temperatures . 16 K, pressure . 10−13 Pa)
• low-absorption dielectric materials for the optically trapped particle (in order to achieve Ti . 20 K)
• free-fall times t1 and t2 and the preparation of a massive dielectric particle in a non-classical Schro¨dinger-
cat-like state to realize a double-slit-type matter-wave interference experiment.
• cavity cooling and feed-back cooling of the center-of-mass motion of a dielectric particle close to the ground
state.
• loading neutral, dielectric sub-micron particles into an optical trap in ultra-high vacuum
• technical requirements on the micro-propulsion system
In the following, we will discuss each of these challenges and describe recent progress aiming at meeting those
challenges.
3.1 The thermal shield
Vacuum and cryogenic equipment typically significantly increases the cost of space missions while, at the same
time, limiting the mission life time due to limited amounts of cooling agent. Also, active vacuum and cryogenic
equipment may be a strong additional source of vibrations. For these reasons, we decided to use an alternative
concept for MAQRO based on technological heritage from the GAIA mission and on the mission concept DAR-
WIN. The idea is to place the optical bench for DECIDE outside of the spacecraft and isolate it from the hot
spacecraft via a number of thermal shields. Figure 2 shows the original concept for the thermal-shield assembly
in the MAQRO mission proposal.30
Recently, EADS Astrium performed a detailed thermal study of the thermal shield concept.39 In this study,
various novel developments concerning the optical bench as well as an optimization of the shield parameters were
taken into account. In particular, the study investigated how the number of shields, the opening angles and the
distances between the shields as well as the introduction of thermally optimized coatings on the shields and on
the bench influence the final environment temperature within the region where the dielectric particle is to be
Figure 3. Thermal gradients on the optical bench for DECIDE. Picture from the bachelor thesis of F. Hufgard39 - results
of a detailed thermal analysis performed by F. Hufgard for EADS Astrium in collaboration with the Institute for Space
Systems of the University of Stuttgart. The temperatures indicated by the color scale represent the temperatures of
various parts of the optical bench and elements on the optical bench in ◦C. A manuscript presenting the results of this
thermal study is in preparation. The objects on the bench are mostly mirrors, fiber couplers and a few lenses. The shapes
are rough approximations for the thermal analysis. The volume where the dielectric particle will be trapped is simulated
by a small, spherical test volume as illustrated in this figure.
trapped for DECIDE. Figure 3 shows the optimal temperatures achievable on various parts of the optical bench.
These temperatures also take into account estimations of the power dissipation of the components on the optical
bench. It turned out that the original design of the thermal shield30 was close to optimal. In particular, the
number of shields (three) has not changed, and the opening angles also are mostly unchanged. Details of the
thermal analysis will be published in a manuscript that currently is in preparation.
As can be seen in Figure 3, all parts of the optical bench have temperatures . 28 K. The spherical region
where the dielectric particle is trapped has an even lower temperature of ∼ 16.4 K, which fulfills the technical
requirement for DECIDE. Further improvement of the design like using gold-coated spherical mirrors instead of
lenses may further reduce this temperature.
3.2 Free-fall times and preparation of the non-classical state
The durations of the two free-fall times, t1 and t2, are determined by matter-wave diffraction. If we originally
prepare the state of the dielectric particle close to the ground state of the COM motion, the particle’s position
will be very well defined, and the wavepacket will expand very quickly once the particle is released from the
optical trap. For a particle with 10−17 kg mass and a angular trapping frequency of 63000 rad/s, the velocity of
the wavepacket expansion starting from the ground state is on the order of 1µm/s. For that reason, t1 can be
comparatively short (on the order of 1 s).
The time t2, on the other hand, is determined by how narrowly we can define the two “slits” of our double-slit
experiment. This depends on the precise method of how we will prepare the macroscopic superposition. At the
moment, we are considering two possibilities:
1. preparation via post-selection on an x2 position measurement in an auxiliary cavity
2. preparation via local decoherence due to the interaction with a very weak (10−15 W) but narrowly focused
laser beam with a wavelength of λ . 40 nm
3.2.1 Preparation via x2 coupling
The first method was proposed by O. Romero-Isart and A. Pflanzer et al28 and investigated in more detail by
O. Romero-Isart.29 The technique is based on using three parallel cavities. After being trapped and cooled in
the first cavity, the dielectric particle is released and falls for a time t1. After that time, the particle passes
through a second cavity with strong optomechanical coupling. At the same time, a short laser pulse also passes
through the cavity. The light reflected from the cavity is used to perform a homodyne measurement in order to
read out the position of the passing particle squared (x2). Because the measurement does not reveal the sign of
the position, the particle is prepared in a superposition of simultaneously being at positions ±x. The precision
of the measurement depends on the coupling strength of the particle to the second cavity. For strong coupling
and a large enough value of x, the resulting wavepacket is well approximated by two spatially separated narrow
Gaussian peaks. The distance of the two peaks is x, and the width of the peaks is determined by the coupling
strength.28,29
After the preparation of this non-classical state, the particle will fall for another time t2 and then enter the
third cavity, where the position is measured by a combination of imaging of scattered light and cavity read out.
The advantage of this method is that the two Gaussian peaks can be narrow and well separated. Because
the peaks are narrow, diffraction will lead to comparatively quick expansion of the peaks and a correspondingly
short time t2 needed for the interference pattern to form (compared to the second method for preparing the
non-classical state as discussed below).
One disadvantage is the need for three cavities and the need for the particle to pass from one cavity to the
next. In particular, the same particle has to be transported to the first cavity again after each experimental run.
Possibilities to overcome this problem are (1) to introduce artificial gravitational gradients on the optical bench,
(2) to move the particle via light pressure, and (3) to use one cavity for the preparation and the position mea-
surement and a second, orthogonal cavity for the preparation of the non-classical state. A second disadvantage
is the post selection on the result of the x2 measurement. In principle, the result of the position measurement in
the third cavity can be scaled on the measurement result in the second cavity. In this way, it should be possible
to use the data gathered in most experimental runs. The scaling may, however, reduce the interference visibility.
This will have to be investigated in more detail in the future.
3.2.2 Preparation via local decoherence
This is the method we investigated for the original proposal of MAQRO30 and for a recently performed ESA
study.38 The idea is that a narrowly focused, short-wavelength laser beam passes through the volume spanned
by the particle wavepacket after the initial expansion time t1. The focused beam is supposed to be smaller than
the wavepacket expansion. If the beam is scattered by the particle, the particle will be localized, it the beam
misses the particle, the particle will be in a superposition of being anywhere outside the beam path. Because
the potentially scattered light is not observed, the particle will then be in a mixture between a well localized
state and a Schro¨dinger-cat-like state. After the second time of free fall, t2, the non-classical part of the state
will form an interference pattern on top of a broad incoherent background resulting from the localized part of
the density matrix.
The advantages of this approach are that (1) the particle can always stay in a single cavity, (2) the method
works, in principle, for arbitrarily large particles and arbitrarily large superpositions.
The disadvantages of this approach are that (1) the interference visibility is reduced due to the incoherent
background of the localized part of the wavepacket, (2) the two parts of the non-classical state are rather broad
and will expand only slowly to overlap and form the interference pattern, (3) the phase between the two interfering
parts of the wavepacket is not well defined, which may lead to a reduction of the interference visibility, and (4)
the wavelength of the laser beam needed for the preparation of the non-classical state is . 40 nm, i.e., XUV. In
this wavelength regime, the light source and the reflective optics may pose a problem even for the tiny powers
(femto-Watt) needed for DECIDE.
3.3 Low-absorption dielectric materials
The emission of blackbody radiation of a hot particle, is a very strong localization (and, therefore, decoherence)
mechanism. Especially for small, sub-micron particles, this has proved to be the dominating decoherence mech-
anism if the surrounding vacuum is good enough to allow neglecting gas collisions.30,38 We optically trap our
particle, and we use optical fields to cool the particle’s center-of-mass motion. For that reason, the absorption
of the particle’s material at the laser wavelength has to be exceedingly low to allow for a low internal particle
temperature.
For a laser wavelength of 1064 nm, fused silica shows very low absorption down to 0.25 ppm/cm for Suprasil
glass.40 However, in order to achieve the technical requirement of Ti . 20 K, one would need an absorption
of 0.25 ppb/cm38 or improved emissivity over the blackbody spectrum. It may be possible to achieve lower
absorption coefficient of the dielectric particles by using telecom-wavelength lasers or by using different materials
(e.g., pure silicon). Moreover, it will be paramount to take into account the temperature dependence of the
optical properties of the particle’s material. The requirement on the internal temperature of the particle may
also be relaxed by reducing the durations of the free-fall time t2 (see subsection 3.2). This is a critical issue that
will require further study.
3.4 Cooling of the COM motion of trapped dielectric particles
A prerequisite for DECIDE is that the COM motion of the trapped particle is cooled close to the ground state
for the motion along the cavity. The COM motion perpendicular to the cavity mode also needs to be cooled
in order to prevent coupling between the modes, to limit the read-out noise of the particle position along the
cavity, and to prevent loss of the particle out of the cavity mode during the period t2 of free expansion.
In particular, the COM motion along the cavity has to be cooled because, for preparing a double-slit-like
state, the initial quantum state has to be spatially coherent over a distance larger than the distance between
the two slits. The main reason for cooling the transverse motion of the particle is that the wavefronts of the
trapping field are curved at the trapping position. This leads to an uncertainty in position measurements along
the cavity axis. If we want to observe an interference pattern, this uncertainty has to be much smaller than the
spacing of the interference fringes.
At the time of submission of the original proposal for MAQRO (2010), neither cavity cooling nor feed-
back cooling for sub-micron particles had been observed. Since then, there has been tremendous experimental
progress. For example, feed-back cooling of the COM motion of sub-micron particles has been demonstrated
by the group of L. Novotny.41 Feed-back cooling is especially important for ultra-low pressures where there is
not enough gas to cool the motion of the trapped nanosphere against parametric heating, e.g., from laser noise.
Feed-back cooling also seems to be essential at modest vacuum levels around 1 mbar.42 Around that pressure a
not-yet-understood heating mechanism results in the loss of optically trapped particles. This can be mitigated
by using feed-back cooling.41 For lower pressures (. 0.1 mbar), this heating mechanism seems to be absent, and
the particles can be stably trapped without feed-back cooling.43 For particles on the micron scale, feed-back
cooling was demonstrated by the group of M. Raizen.44 Very recently, cavity cooling of sub-micron particles
was shown for trapped particles by the Aspelmeyer group42,45 and for free-flying particles by the Arndt group.45
By combining feed-back and cavity cooling, it seems likely that cooling the COM motion of optically trapped
dielectric particles close to the ground state will be achievable in the near future.
3.5 Loading sub-micron particles into an optical trap
A central prerequisite for DECIDE is the need for a mechanism to load single, neutral, dielectric particles into an
optical trap in high vacuum. First laboratory experiments42 currently load the dielectric particles by evaporating
a solution containing the particles. Since 2012, we have been working on an experimental study for ESA in order
to find more appropriate loading mechanisms for a space environment. This work is performed in collaboration
with the Arndt group in Vienna. Preliminary results show that particles of up to 108 amu can be released. Some
of the particles were charged and could be trapped in an ion trap. An alternative approach uses surface-acoustic
waves (SAW) induced electronically on a piezoelectric substrate to release particles with ∼ 109 amu. First results
for the SAW approach show that the particles are moving on the substrate but it could not yet be confirmed
that they are released. If this can be successfully demonstrated, the SAW technique should, in principle, allow
for a quick integration with our existing optical trap, and the SAW devices could be integrated relatively simple
with the design of the optical bench of DECIDE.
3.6 Technical requirements on the micro-propulsion system
In the recent study we concluded for ESA,38 we determined that the requirement on the thruster force noise is
< 1µN/
√
Hz. This is slightly more relaxed than the requirement for LISA Pathfinder, which is expected to be
on the order of 0.1µN/
√
Hz.46 For a spacecraft with a mass of 700 kg, the force-noise requirement for MAQRO
corresponds to a requirement on the acceleration noise of < 1.6× 10−9m/s2 Hz−1/2.
4. CONCLUSION AND OUTLOOK
MAQRO promises to allow expanding the parameter regime over which quantum physics has been tested by
several orders of magnitude. At the same time, MAQRO will pave the way for future high-sensitivity matter-wave
interferometry in space. Since the original proposal of MAQRO and DECIDE in 2010, there has been significant
experimental and theoretical progress towards the realization of MAQRO. In this paper, we have provided an
overview over these developments. For many of the technologies and concepts that originally seemed far from
the TRL needed for space experiments, there has been significant progress. Based on this rapid development,
we are confident regarding the feasibility of realizing DECIDE in the foreseeable future.
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